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Syntaxin 3 and Munc-18-2 in epithelial cells during kidney differentiation of epithelial cells. Mouse kidney develop-
development. ment starts on embryonic day 11 when an epithelial ure-
Background. Differentiation of epithelial cells involves the ter bud, bulging from the Wolffian duct, invades theassembly of polarized membrane transport machineries neces-
metanephric blastema. The following differentiation re-sary for the generation and maintenance of the apical and
quires bidirectional interactions between the two tissuebasolateral membrane domains characteristic of this cell type.
We have analyzed the expression patterns of vesicle-docking types. The mesenchyme induces the ureter bud to branch
proteins of the syntaxin family in mouse kidney, focusing on and these branches ultimately form the collecting duct
syntaxin 3 and its interaction partner, the Sec1-related Munc- system. The ureter bud, in turn, induces the mesenchyme18-2.
to aggregate and differentiate into epithelial structures,Methods. Expression patterns were studied by in situ hybrid-
which, through several intermediate stages, finally formization and immunocytochemistry and the complex formation
of syntaxin 3 and Munc-18-2 by coimmunoprecipitation and the functional units of the kidney, the nephrons [5–7].
Western blotting. This type of mesenchyme-to-epithelium conversion pro-
Results. We have previously shown by in situ hybridization
vides an excellent model system for studying the progres-that Munc-18-2 is present in the proximal tubules and collecting
sive differentiation and maturation of epithelial cells.ducts of embryonic day 17 mouse kidney. We compared this
with the expression patterns of syntaxin 1A, 2, 3, 4, and 5, To create and maintain a polar phenotype with distinct
and found that syntaxin 3 was enriched in the same epithelial apical and basolateral domains, epithelial cells need to
structures in which Munc-18-2 was abundant. By immunocyto- create vectorial membrane transport pathways. The pro-
chemistry, the two proteins colocalized at the apical plasma
tein machinery responsible for transport vesicle formation,membrane of proximal tubule and collecting duct epithelial
docking, and fusion has been the focus of intense researchcells, and they were shown to form a physical complex in
the kidney. The expression of both proteins was up-regulated efforts during the past few years. A major paradigm in
during kidney development. The most prominent changes in the field is the soluble N-ethylmaleimide–sensitive fusion
expression levels coincided with the differentiation of proximal protein (NSF) attachment protein receptor (SNARE) hy-
tubules, suggesting a role in the generation of the highly active
pothesis [8, 9]. The hypothesis postulates that each trans-reabsorption machinery characterizing this segment of the
port vesicle carries on its surface a membrane-anchorednephron.
Conclusion. The results show that Munc-18-2 and syntaxin protein (or proteins), a v-SNARE (vesicle membrane-
3 form a complex in vivo and suggest that they participate associated SNARE), that specifies the vesicle’s target.
in epithelial cell differentiation and targeted vesicle transport Target membranes possess cognate partner molecules,processes in the developing kidney.
t-SNARES (target membrane-associated SNARE), that
specifically interact with the v-SNAREs. The v-SNAREs
belong to a family of proteins related to vesicle-associ-Epithelial cells display a polarized organization and
ated membrane protein (VAMP)/synaptobrevin presentare specialized in vectorial transport [1–4]. The devel-
on synaptic vesicles, the t-SNAREs being homologuesoping kidney offers a useful model system to study the
of the neuroneal syntaxin and synaptosome-associated
protein of 25 kDa (SNAP-25) proteins. SNARE proteins
have been found in eucaryotic organisms from yeast toKey words: renal epithelium, transport, neonate development, vesicle
transport, Sec-1-related proteins, cell differentiation. humans [10, 11], and a wealth of evidence supports their
role as key components of the vesicle-docking/fusionReceived for publication July 7, 1998
machinery [12].and in revised form February 26, 1999
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binding and allow their interactions only under condi- the appearance of the vaginal plug was designated as
embryonic day 0.tions in which vesicle docking/fusion should take place.
One of the best characterized families of such factors is
In situ hybridizationthe Sec1-related protein family. These proteins are
known to regulate SNARE complex formation at differ- Embryonic day-13 and day-17 mouse kidneys were
fixed in 4% paraformaldehyde and were embedded inent intracellular membrane transport steps by binding
to syntaxins with high affinity. The binding seems to paraffin for sectioning. In situ hybridization was per-
formed as previously described [33]. The probe se-inhibit the v-SNARE/t-SNARE interaction and is there-
fore thought to regulate vesicle docking negatively. Nu- quences were as follows: Munc-18-2: a polymerase chain
reaction (PCR)-fragment from 17-day embryonic mousemerous studies have shown, however, that loss-of-func-
tion mutations in Sec1 family genes interfere with vesicle kidney cDNA spanning nucleotides 23-475 (U19520); rat
syntaxin 1A (M95734), mouse syntaxin 2 (D10475), ratfusion, indicating a positive role for the encoded proteins
in the docking/fusion process [13, 14]. syntaxin 4 (L20821) and rat syntaxin 5 (L20822): the
entire cDNA open reading frames; rat syntaxin 3We have previously characterized the mammalian
Sec1 homologue Munc-18-2/Munc-18b [15–17] as a pro- (L20820): cDNA spanning nucleotides 77-867; rat syn-
taxin 3A isoform-specific probe (L20820): cDNA span-tein that is expressed predominantly in epithelia [18].
The closest homologues of Munc-18-2 are the neuroneal- ning nucleotides 755-1302 [34]. The antisense and sense
riboprobes were labeled with [35S]UTPaS by SP6/T7 run-specific Munc-18/n-Sec1/rbSec1 [19–21] and the ubiqui-
tously expressed Munc-18c [15]. Both of these proteins off transcription (Riboprobe II Core System; Promega,
Madison, WI, USA). Hybridization was carried out inhave been suggested to regulate the docking/fusion of
exocytic vesicles at the plasma membrane: Munc-18 60% deionized formamide, 0.3 m NaCl, 20 mm Tris-HCl,
pH 8.0, 5 mm ethylenediaminetetraacetic acid (EDTA),(with syntaxin 1 isoforms) synaptic vesicle fusion [14] and
Munc-18c (with syntaxin 4) glucose transporter isoform pH 8.0, 10% dextran sulfate, 1 3 Denhardt’s solution,
0.5 mg/ml yeast RNA, and 0.1 m dithiothreitol at 528C4 (GLUT-4) translocation in adipocytes [22]. We have
identified syntaxin 3 as a major interaction partner of for 15 to 20 hours. The slides were washed twice for 30
minutes in high-stringency conditions [50% deionizedMunc-18-2 in the epithelial human colon carcinoma
CaCo-2 cell line [23]. Syntaxin 3 is a t-SNARE present formamide, 2 3 SSC (NaCl/NaCit buffer), 30 mm dithi-
othreithol; 658C], dipped in Kodak NTB-2 photoemul-in several non-neuronal tissues [24]. It is found on the
plasma membrane of adipocytes [25], pancreatic b cells sion and exposed at 48C for two weeks, except in the
case of syntaxin 3A, for which the exposure time was[26], and colon epithelium cells [27], as well as on the
apical plasma membrane domains of polarized epithelial four weeks. Sense and antisense probes were used in
parallel in all experiments. Hybridizations with the senseCaCo-2 [27] and Madine-Darby canine kidney (MDCK)
cells [28] and hepatocytes [29]. The presence of syntaxin probes consistently gave no positive signal.
3 in ribbon synapses of the retina [30] implies that it
Reverse transcription-polymerase chain reactionmay also be involved in neurotransmission at specific
sites. Furthermore, the protein is detected on certain Reverse transcription-polymerase chain reaction (RT-
PCR) was performed from embryonic day-17 mouse kid-secretory organelles, the tubulovesicular compartment
of gastric parietal cells [31], and the zymogen granules ney total RNA using either oligo-dT or gene-specific
priming for cDNA synthesis. RT was carried out withof pancreatic acinar cells [32]. This indicates that syntaxin
3 may in specific cell types be involved in heterotypic or the Promega RT kit according to the manufacturer’s
instructions, followed by PCR using the Dynazymeehomotypic interactions between intracellular organelles.
In this study, we describe the expression pattern and polymerase (Finnzymes, Espoo, Finland) under standard
conditions. The primers used were as follows: syntaxinlocalization of syntaxin 3 and its epithelially enriched
interaction partner Munc-18-2 in the developing mouse 3A 39-primer, 59-CCACTGTGTGCATGACATTCA-39;
syntaxin 3B 1 C 39-primer, 59-CACTGACTGGTCCAkidney. The results suggest that this protein pair may
have a role in the regulation of specific apical vesicle TGTTGTT-39; syntaxin 3A 1 B 59-primer, 59-CAGTAT
CATTCTCTCTGCACC-39; and syntaxin 3C 59-primer,transport processes in kidney proximal tubule and col-
lecting duct cells, and possibly in the differentiation of 59-GAATCCTCTCCTATCTCCTGA-39.
these epithelial structures.
Antibodies
The Munc-18-2 polyclonal antiserum is described in
METHODS
Riento et al [18]. The monospecific syntaxin 3 antibody
Tissue material [23] was produced by immunizing New Zealand White
rabbits with a glutathione-S-transferase (GST) fusionKidneys were dissected from (CBA 3 NMRI)F1
mouse embryos and NMRI adult females. The day of protein carrying the cytosolic portion of the syntaxin
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3. After preadsorption on a GST matrix, the specific washes with buffer A, eluted in Laemmli sample buffer.
The proteins were resolved by SDS-polyacrylamide gelimmunoglobulins were purified on a column consisting
of GST-syntaxin 3 coupled to CNBr-activated Sepharose electrophoresis (12.5 or 8% gels) and Western blotted
using antibodies against syntaxin 3 or Munc-18-2 or, as(Pharmacia, Uppsala, Sweden). The mouse monoclonal
antibody (clone 20B) against the proximal tubule marker controls, rabbit antibodies against calnexin and brush
border antigens.megalin (gp330) [35] and the rabbit polyclonal antiserum
against brush border antigens [36] were kindly provided
Immunocytochemistryby Dr. Aaro Miettinen (University of Helsinki, Helsinki,
Finland) and the rat monoclonal antibody against lami- Mouse kidney cryosections of 6 to 7 mm were fixed in
3.5% paraformaldehyde at 208C for 20 minutes and werenin a-1 chain [37] by Dr. Peter Ekblom (Uppsala Univer-
sity, Uppsala, Sweden). Troma 1 rat monoclonal antibod- permeabilized in 0.1% Triton X-100 in PBS at 208C for
15 minutes. Free aldehyde groups were quenched withies recognizing cytokeratin 8 [38] were kindly provided
by Dr. Rolf Kemler (Max Planck Institute for Immunobi- 15 mm NH4Cl, and nonspecific binding of antibodies was
blocked by incubation with 10% fetal calf serum (FCS)ology, Freiburg, Germany), and the rabbit polyclonal
antiserum recognizing calnexin [39] was provided by Dr. in PBS. For Munc-18-2 staining, the sections were treated
for 30 minutes with 0.5% SDS, except in the doubleAri Helenius (Yale University School of Medicine, New
Haven, CT, USA). stainings with the proximal tubule marker megalin, for
which the SDS concentration was reduced to 0.05%. The
Quantitation of syntaxin 3 and Munc-18-2 at different primary and secondary antibodies were diluted in 5%
stages of kidney development FCS and 0.5% saponin in PBS and were incubated at
48C overnight and at room temperature for two hours,Eleven-, 13-, 15-, and 17-day embryonic and adult
mouse kidneys were homogenized in 100 mm Tris-HCl, respectively. The secondary antibodies used in the Munc-
18-2 and syntaxin 3 stainings were rhodamine (TRITC)-pH 6.8, 1% sodium dodecyl sulfate (SDS), 1 mm phenyl-
methylsulfonyl fluoride (PMSF), 5 mg/ml aprotinin, and conjugated affinity-purified goat antirabbit IgG and, for
the megalin staining, fluorescein (FITC)-conjugated af-5 mg/ml leupeptine. After removal of the insoluble mate-
rial by centrifugation at 15,000 g at 48C for 15 minutes, finity purified goat antimouse IgG (Jackson Immunore-
search Laboratories, Inc., Westgrove, PA, USA). In con-the protein concentrations of the tissue homogenates
were determined by the Lowry assay [40]. The protein trol stainings, the diluted antisera were preincubated
with the respective recombinant proteins at room tem-amounts loaded for the quantitation of syntaxin 3 and
Munc-18-2 were 20 and 50 mg, respectively. The proteins perature for 30 minutes. For syntaxin 3 control stainings,
we used 10 mg of GST-syntaxin 3 fusion protein/one mlwere resolved by SDS-PAGE (10% gels) and were trans-
ferred onto nitrocellulose membrane (Trans-Blott Trans- of diluted antibody and, for Munc-18-2, 10 mg of Munc-
18-2 recombinant protein blotted onto nitrocellulosefer Medium; Bio-Rad, Richmond, CA, USA). The filters
were blocked in 5% fat-free milk, 0.005% Tween-20 in membrane/100 ml of diluted antiserum. Additionally, to
confirm further the specificity of the syntaxin 3 staining,phosphate-buffered saline (PBS) at room temperature
for one hour and thereafter were incubated with syntaxin the antibody was similarly preincubated with bovine se-
rum albumin (BSA), GST, or GST-syntaxin 2 proteins.3 or Munc-18-2 antibodies diluted in 1% fat-free milk,
0.001% Tween-20 in PBS at 48C overnight. After washes The mounting medium consisted of 50% glycerol in PBS
supplemented with 100 mg/ml 1,4-diazabicyclo[2.2.2]oc-with PBS, the bound antibodies were detected with [35S]-
Protein A (Amersham, Arlington Heights, IL, USA), tane (DABCO; Sigma, St. Louis, MO, USA). The sam-
ples were studied with a Zeiss Axiophot microscope.0.5 mCi/ml, diluted in 1% fat-free milk, 0.001% Tween-
20 in PBS (two hours at room temperature), followed
by washes with PBS and signal quantitation using the
RESULTS
Fujifilm BAS-1500 imaging system.
mRNA distribution of Munc-18-2 and the different
syntaxins in the embryonic mouse kidneyCoimmunoprecipitation
Adult mouse kidneys were homogenized in 10 mm We have previously shown that Munc-18-2 mRNA
is predominantly present in the epithelial cells in theHEPES, pH 7.4, 140 mm KCl, 1 mm MgCl2, 0.1 mm
EGTA, 1% Triton X-100 (buffer A). After removal of developing mouse kidney [18]. Sec1-related proteins
function as accessory factors that regulate SNARE com-insoluble material by centrifugation at 15,000 g at 48C
for 15 minutes, a nonrelevant rabbit IgG or affinity- plex formation by binding to the t-SNARE proteins of
the syntaxin family [13, 14]. This prompted us to studypurified syntaxin 3 antibody and Protein A Sepharose
(Pharmacia) were added in the lysate and were incubated the expression patterns of different syntaxins in the kid-
ney, as the localization of a specific syntaxin(s) similarat 48C for two hours. The matrix was recovered by cen-
trifugation, and the bound proteins were, after thorough to that of Munc-18-2 could imply a functional partnership
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between the two proteins. Syntaxins 1A, 2, and 3, which method, whereas those encoding syntaxin 3B or C were
bind Munc-18-2 in vitro, as well as syntaxins 4 and 5, not detectable (data not shown).
which display no affinity for Munc-18-2 [16, 18], were To analyze in more detail Munc-18-2 and syntaxin 3
included in this analysis. In situ hybridization was per- mRNA expression at early developmental stages, in situ
formed on embryonic day-17 mouse kidneys. This age hybridization was performed on embryonic day 13 kid-
was chosen because it represents a wide spectrum of neys (Fig. 2). Both transcripts were present in the collect-
developmental stages: The kidney contains both undif- ing ducts, the signal of syntaxin 3 (Fig. 2 A, B) being
ferentiated mesenchyme and various stages of differenti- weaker than that of Munc-18-2 (Fig. 2 C, D). Both mes-
ation, including all mature epithelial structures. The syn- sages were also detectable in the early stages of differ-
taxin 4 and 5 mRNAs were ubiquitously expressed in entiating epithelia.
both the epithelial and mesenchymal cells (data not
shown). The syntaxin 1A probe gave a barely detectable A physical complex between syntaxin 3
but ubiquitous signal, endothelial cells being labeled and Munc-18-2
most intensely (Fig. 1A). Syntaxins 2 and 3 displayed As the mRNA expression patterns of Munc-18-2 and
more restricted expression patterns. Syntaxin 2 (Fig. 1B) syntaxin 3 were very similar, we studied whether a physi-
was more prominent in the mesenchyme than in the cal complex between the two proteins can be detected
epithelium. Collecting ducts in the inner medulla and in the kidney in vivo. To this end, adult mouse kidney
epithelial cells of the renal pelvis showed weak or no homogenate was incubated with affinity-purified syn-
labeling, whereas other epithelial structures and glomer- taxin 3 antibody. Western blotting of the immunoprecipi-
uli were positive for syntaxin 2. Mesenchymal cells in tate with syntaxin 3, Munc-18-2, and control antibodies
both the medulla and cortex expressed syntaxin 2 at
showed that Munc-18-2 specifically coimmunoprecipi-
a high level, with the exception of the undifferentia-
tated with syntaxin 3 (Fig. 3).
ted mesenchymal cells in the outermost cortex, which
showed a weak signal. Syntaxin 3 mRNA clearly concen- Up-regulation of syntaxin 3 and Munc-18-2 during
trated in epithelial cells (Fig. 1 C, E, and F), as did the kidney development
Munc-18-2 message (Fig. 1 G, H). Both transcripts were
To study biochemically whether the expression of syn-distinct in the proximal tubules and collecting ducts. Glo-
taxin 3 and Munc-18-2 correlates with the differentiationmeruli showed no labeling. Another group has reported
of kidney epithelia during development, we determinedthat syntaxin 3 is expressed weakly or not at all in adult
the relative levels of both proteins at different stages ofrat kidney proximal tubules studied by RT-PCR of mi-
kidney development. Western blot analysis of embryoniccrodissected tubules [41]. In that study, a syntaxin 3A
and adult kidneys revealed the presence of both proteinsisoform-specific 39 primer was used. We therefore re-
throughout development. To quantitate the proteins,peated the in situ hybridization with a syntaxin 3A iso-
we employed Western blotting combined with detectionform-specific probe to elucidate if the apparent discrep-
using [35S]-Protein A and the Fujifilm BAS-1500 imag-ancy in the results could be due to isoform-specific
ing system. Syntaxin 3 showed an approximately 16-foldexpression of syntaxin 3 in kidney tubules. Syntaxin 3A
up-regulation during development, the most dramaticmRNA was present in proximal tubules and collecting
changes occurring between embryonic days 15 and 17ducts (Fig. 1D), but there was no significant difference
and between embryonic day 17 and the adult (Fig. 4).in the intensity of the signal in these structures. Three
The amount of the Munc-18-2 protein increased 1.9-folddifferentially spliced membrane-anchored isoforms of
during the time course followed (Fig. 4). A major up-syntaxin 3 (A, B, and C) were identified in mouse brain
regulation of Munc-18-2 occurred between embryonic[34]. We used RT-PCR on embryonic day-17 mouse
days 15 and 17 (Fig. 4). The developmental induction ofkidney total RNA to analyze if the B or C isoforms,
syntaxin 3 and Munc-18-2 was also evident at the mRNAin addition to syntaxin 3A, are expressed in the tissue.
The syntaxin 3A mRNA was readily visualized by this level, as analyzed by Northern blotting (data not shown).
c
Fig. 1. In situ hybridization of embryonic day-17 mouse kidney with different syntaxins and Munc-18-2. (A–E) and (G) are darkfield images; (F
and H) are brightfield images corresponding to E and G. (A) Syntaxin 1A mRNA is ubiquitously expressed at low levels but is slightly up-regulated
in the endothelium (arrows). (B) Syntaxin 2 is more prominent in the mesenchyme than in the epithelium. (C) Syntaxin 3 is remarkably abundant
in the proximal tubules (p) and present at a lower level in the collecting ducts (d). (D) Hybridization with syntaxin 3A isoform-specific probe
reveals approximately equal signal in the proximal tubules (p) and collecting ducts (d). (E and F) Higher magnification shows strong expression
of syntaxin 3 in proximal tubules (p) and a weaker signal in collecting ducts (d). (G, H) Munc-18-2 mRNA localization correlates well with that
of syntaxin 3. The bar represents 200 mm in A–D and 100 mm in E–H.
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Fig. 2. In situ hybridization of embryonic day-13 mouse kidney with syntaxin 3 and Munc-18-2. (A and C) are darkfield images; (B and D) are
the corresponding brightfield images. (A and B) Syntaxin 3 mRNA is expressed in the collecting ducts (d) and in the early stages of differentiating
epithelia (arrows). (C and D) Munc-18-2 mRNA localization correlates well with that of syntaxin 3, except that the signal in collecting ducts (d)
appears stronger. Arrows indicate early stages of differentiating epithelia. The bar represents 100 mm.
Localization of syntaxin 3 and Munc-18-2 proteins in veloping epithelial cells (Fig. 5 B, C). Earlier stages of
the developing kidney nephrogenesis, including comma-shaped bodies, were
devoid of the signal. On day 15, Munc-18-2 was, in addi-The findings that both syntaxin 3 and Munc-18-2
tion to the collecting ducts, also observed in structuresmRNAs concentrated in the epithelium of the collecting
evidently representing different stages of proximal tu-ducts and proximal tubules and that a complex of the
bule development (Fig. 6 B, C). Embryonic day 17 kidneytwo proteins was biochemically detectable prompted us
already contained well-differentiated proximal tubules;to study the localization of the proteins in these epithelial
these, as well as collecting ducts, showed positive stainingstructures during different developmental stages of the
for syntaxin 3 (Fig. 5D) and Munc-18-2 (Fig. 6D). Inkidney.
both cell types, the signal concentrated apically. In theImmunofluorescence analysis revealed that on embry-
case of Munc-18-2, we also detected a weak cytoplasmiconic day 11, both syntaxin 3 (Fig. 5A) and Munc-18-2
signal, especially in the collecting duct cells. The staining(Fig. 6A) were expressed in the ureter bud, which
intensities of the two proteins varied in collecting ducts:branches and eventually forms the collecting duct system
In the medullary region, the collecting ducts appearedof the kidney. The signal was restricted to the apical
more strongly positive for Munc-18-2 than for syntaxinplasma membrane domain of the cells. The surrounding
3 (data not shown). Both antibodies stained the tips ofundifferentiated mesenchymal cells showed no staining.
the ureter tree weakly. A weak or no signal was seen inOn embryonic day 13, both proteins were seen apically
the epithelial cells of the renal pelvis and in the earlyin the collecting ducts; hardly any signal was detectable
differentiating epithelial structures in the renal cortex.in the early stages of developing epithelia (data not
The syntaxin 3 and Munc-18-2 stainings could be abol-shown). In sections of day 15 kidneys, syntaxin 3 ap-
peared in S-shaped bodies, localizing apically in the de- ished by pretreatment of the antibodies with the corre-
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Fig. 4. Expression levels of the syntaxin 3 ( ) and Munc-18-2 ( )
proteins in mouse embryonic 11 to 17 day kidneys and adult kidneys.
Identical quantities of embryonic and adult kidney total protein were
Western blotted using either syntaxin 3 antibodies or Munc-18-2 antise-
rum, followed by [35S]-Protein A detection and Fujifilm BAS-1500 quan-
titation. The protein quantities, determined from three independent
experiments, are presented relative to the value obtained for the adult
tissue, set at 100. Both proteins are expressed throughout kidney devel-
opment and are up-regulated during tissue maturation (bars, sem). In
embryonic day 11 to 15 syntaxin 3 samples, the error bars were too
small to plot.Fig. 3. Coimmunoprecipitation of syntaxin 3 and Munc-18-2. Deter-
gent homogenate of adult mouse kidney was subjected to immunopre-
cipitation with a nonrelevant rabbit IgG (IgG) or an affinity-purified
syntaxin 3 antibody (syn3). Western blotting of the immunoprecipitate
with syntaxin 3 antibody (antisyn3) shows that syntaxin 3 is specifically
as the megalin-positive proximal tubules extended (notprecipitated under conditions used. The same immunoprecipitate West-
ern blotted with Munc-18-2 antiserum (anti-Munc) reveals that Munc- shown). However, coinciding with the disappearance of
18-2 has coimmunoprecipitated with syntaxin 3, indicating that the two syntaxin 3, the localization of Munc-18-2 dramatically
proteins form a physical complex in the kidney in vivo. The immunopre-
changed. Instead of the apical plasma membrane local-cipitates were also Western blotted with control antibodies against brush
border antigens (anti-BB) and calnexin (anticalnex). These proteins ization, the protein appeared as intracellular structures
were not detected in the syntaxin 3 immunoprecipitates, illustrating the mainly close to the basolateral pole of the cells (Fig. 6
specificity of the coimmunoprecipitation. Syntaxin 3 is indicated with
G, H; note the difference between the left- and right-an arrowhead, Munc-18-2 with an arrow, and immunoglobulin heavy
chains, recognized by the secondary antibody conjugate, with H. For hand portions of the panel).
analysis of syntaxin 3 and the brush border antigens, the immunoprecipi-
tates were resolved on 12.5% SDS-PAGE; for Munc-18-2 and calnexin,
8% gels were used to separate these proteins properly from the immuno- DISCUSSION
globulin heavy chain.
In this study, we describe the expression patterns and
localization of syntaxin 3 and its interaction partner
Munc-18-2 in the developing kidney. We show that both
sponding fusion proteins. No reduction in specific reac- proteins are up-regulated during kidney development
tivity was observed when the syntaxin 3 antibody was and localize apically in the proximal tubule and collecting
pretreated in a similar way with BSA, GST, or GST- duct epithelial cells. Furthermore, results are presented
syntaxin 2 fusion protein (data not shown). suggesting that the proteins form a physical complex in
In the cortex of the adult kidney, both syntaxin 3 (Fig. the kidney. The data suggest that the two proteins may
5E) and Munc-18-2 (Fig. 6E) localized apically in the have a role in the vectorial membrane transport events
proximal tubules, as demonstrated by double stainings and the differentiation of kidney epithelial cells.
with an antibody to the proximal tubule apical marker Earlier studies, mainly using Northern blotting, have
megalin (Figs. 5F and 6F). In the outer medulla, there shown major differences in the tissue distribution of syn-
was a zone in which the expression of syntaxin 3 disap- taxins [24]. Syntaxins 4 and 5 were detected ubiquitously
peared (Fig. 5G; note the difference between the left- in mammalian tissues, whereas syntaxin 1A was initially
and right-hand portions of the panel), whereas megalin found exclusively in neuroneal cells. However, later work
was present throughout this area (Fig. 5H). The region revealed low expression of syntaxin 1A also in non-neu-
lacking syntaxin 3 staining apparently corresponds to the roneal tissues [42–44]. Syntaxins 2 and 3 are present
in many organs but at varying levels [24]. By in situS3 segment of the proximal tubule. In contrast, Munc-
18-2 was prominent in this specific region (Fig. 6 G, H) hybridization, we previously showed that in the kidney,
Munc-18-2 is epithelially enriched [18].and continued to be expressed as far toward the medulla
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The localization of syntaxin 3 mRNA in mouse embry- This suggests that the two proteins function in concert to
control membrane transport events in kidney epithelialonic day-17 kidney was very similar to that of Munc-
18-2. Both messages were concentrated in the collecting cells. In addition, simultaneous up-regulation of both
proteins during kidney development suggests a role induct and proximal tubule epithelial cells. In contrast,
Mandon et al were able to detect only little or no syntaxin epithelial cell differentiation. In quantitative Western
blotting, the developmental up-regulation of Munc-18-23 in the adult rat proximal tubules by a RT-PCR per-
formed on microdissected tubules [41]. Some of the dif- was less pronounced than that of syntaxin 3. The differ-
ence could be due to the fact, revealed by immunofluo-ferences between our study and that of Mandon et al
may be due to differences in the methodology used and rescence microscopy, that the ureter bud-derived collect-
ing duct cells express higher levels of Munc-18-2 thanthe species and developmental stages studied. However,
the discrepancy in results concerning syntaxin 3 appar- syntaxin 3 at the early developmental stages. Conse-
quently, at the total protein level, the developmentalently arises from differential expression of syntaxin 3
isoforms. Several isoforms of syntaxin 3, probably gener- change in the relative amount of Munc-18-2 would be
less pronounced than that of syntaxin 3.ated by differential splicing, were identified in the mouse
brain [34]. The 39 primer Mandon et al used in the RT- Immunofluorescence analysis revealed a polarized dis-
tribution of both syntaxin 3 and Munc-18-2 in developingPCR anneals with a region specific for the syntaxin 3A
isoform. We therefore repeated in situ hybridization with mouse kidney epithelia. The proteins localized apically
in collecting duct and proximal tubule epithelial cells.a syntaxin 3A isoform-specific probe and found that this
isoform is expressed in the proximal tubules and collect- This is consistent with earlier studies reporting an apical
distribution of syntaxin 3 in various epithelial cell typesing ducts at similar levels; no up-regulation in proximal
tubules was observed with this probe. Thus, the strong [27–29] and of Munc-18-2 in the mouse intestine [18].
On the other hand, in adult rat medullary collecting ductsignal detected with the probe recognizing all isoforms
is probably due to the expression of an isoform different cells, syntaxin 3 has been reported to localize to the
basolateral plasma membrane and intracytoplasmicfrom syntaxin 3A. RT-PCR analysis of the membrane-
anchored syntaxin 3A, -B, and -C in 17-day embryonic structures of intercalated cells, suggesting a possible
function in selective targeting of acid-base transporterskidney failed to show expression of either syntaxin 3B
or -C. This implies that a further unidentified syntaxin and/or basolateral membrane remodeling [41]. Differen-
tial cell-type–specific polarized distribution has similarly3 isoform may be expressed in the proximal tubules.
For syntaxin 2, the RT-PCR method revealed abun- been reported for syntaxin 4 [28, 29, 45]. A plausible
explanation for these seemingly contrasting findings isdant expression in the glomeruli, a faint signal in the
inner medullary collecting duct cells and no signal in that a syntaxin may, in different cell types, be used for
different functions, depending on the specific featuresother renal structures [41]. Our in situ hybridization ex-
periments confirmed that syntaxin 2 is expressed in glo- of the cell’s transport pathway organization.
The prominent expression of syntaxin 3 and Munc-meruli and at a low level in the collecting ducts in the
inner medulla. However, in situ hybridization also re- 18-2 appeared in the proximal tubule epithelia at a rela-
tively mature stage, although low levels of the proteinsvealed expression in the epithelial tubules in the outer
medulla and cortex. Finally, we detected more prominent were already detectable in the early stages of nephrogen-
esis, such as S-shaped bodies. In 15-day kidneys, bothexpression of syntaxin 2 in the mesenchyme than in the
epithelium; this expression is naturally missed when proteins were also found in developing proximal tubules
in addition to collecting ducts. At this stage, the proximalstudying microdissected tubules and vascular structures.
The in situ hybridization data suggested that syntaxin tubule segment of the nephron is already expressing
brush border antigens, which are first detectable on day3 might be an interaction partner of Munc-18-2. Coim-
munoprecipitation experiments with kidney lysates show 14 [46]. The proteins were not detected in all mature
epithelia of mesenchymal origin; for example, distal tu-that the two proteins indeed form a physical complex.
b
Fig. 5. Localization of syntaxin 3 in the developing kidney. (A, B, D, E and G) are immunofluorescence stainings for syntaxin 3. (C) The same
field as (B), double stained with an antibody against laminin a-1 chain. (F and H) The same fields as E and G double stained with the megalin
antibody, which decorates proximal tubules. (A) On embryonic day 11, syntaxin 3 staining is visible on the apical pole of the ureter bud cells (u).
The surrounding mesenchymal cells (m) are negative. (B and C) Embryonic day 15 kidney displays syntaxin 3 in the proximal tubules (p) and, at
a low level, in S-shaped bodies (arrowhead). The image is overexposed in respect of the tubules to visualize the weak signal in the S-shaped body.
(D) On embryonic day 17, syntaxin 3 is abundant in the proximal tubules (p). Collecting ducts (d) are also positive. (E and F) Adult kidney cortex
shows prominent apical localization of syntaxin 3 in the convoluted portion of the proximal tubules. (G and H) In the medullary region of the
adult kidney, syntaxin 3 expression vanishes in the most medullary subpopulation of proximal tubules (arrowheads), apparently representing the
S3 segment of the tubule. The arrows indicate the direction from cortex to medulla. The bar represents 50 mm in A, 50 mm in B and C, and 100
mm in D–H.
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bules remained negative. This suggests that syntaxin 3 regulation and polarized distribution of syntaxin 3 and
Munc-18-2 in kidney proximal tubules and collectingand Munc-18-2 are not required for the epithelial pheno-
ducts. The proteins most likely play a role in the develop-type in general, but rather are involved in specialized
ment of the membrane trafficking pathways central forfunctions of certain parts of the proximal tubule. Mega-
the physiological function of these epithelia.lin, which we used as a specific marker for proximal
tubules, is a major scavenger receptor mediating endo-
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